The interaction of rotating magnetic fields (RMFs) with a plasma is modelled in the linear approximation. A kinetic Hamiltonian model for the rf plasma conductivity is used. A radially inhomogeneous periodic cylindrical plasma with a rotational transform of the magnetic field is studied with parameters relevant to the dynamic ergodic divertor (DED) of TEXTOR. For the case of a finite electron diamagnetic velocity it is shown that the torque resulting from the RMF tends to bring the electron fluid approximately to the rest frame of this field. This result is in qualitative agreement with long mean-free path drift MHD theory. In contrast to that theory where a resonant behaviour is found at electron and ion diamagnetic frequencies, in the present kinetic analysis, the RMF frequency where the torque passes through zero is smaller than the electron diamagnetic frequency if there is an electron temperature gradient present. The relation of these results with recent experimental measurements of the DED-induced plasma rotation in TEXTOR is discussed.
Introduction
The problem of the interaction of low frequency externally produced resonant magnetic field perturbations with a plasma is an important issue for tokamaks where such perturbations are produced either on purpose, as in the case of ergodic divertors or MHD control coils, or without intention, as in the case of error fields due to small violations of the axisymmetry of the main magnetic coils. In application to the dynamic ergodic divertor (DED) of TEXTOR, this problem has been studied by various approaches, including a simple resistive model [1] , various linear [2, 3] and nonlinear [4, 5] MHD models. At the same time, in the warm plasma, kinetic effects can also be important [6] , especially if the resonant magnetic surface is located within the core plasma, where the plasma is essentially collisionless. Such scenarios are possible in the m = 3, n = 1 mode of the DED operation where the magnetic field penetrates deeply into the plasma. Certain steps to take into account the kinetic effects in the DED modelling have been performed in [7] . However, first experimental measurements of the rotation induced by the DED appeared to be different from the theoretical expectations of the rotation induced by a direct resonant coupling between the DED and plasma [8, 9] . In particular, the rise of toroidal plasma rotation is always in the direction of the plasma current independent of the rotational direction of the DED magnetic field at frequencies of 1 kHz. Moreover, a static DED field also gives rise to a rotation in the same direction. These features had not been foreseen in the modelling. Therefore, the development of theoretical models which, in particular, would take into account kinetic effects in a more consistent way is still of interest. In the present study the problem of interaction of a rotating magnetic field (RMF) with a plasma is considered in the (quasi) linear approximation using a kinetic Hamiltonian model for the rf plasma conductivity. In linear kinetic theory, there is no need to make additional simplifying assumptions like quasineutrality and (or) incompressibility as it is often made in the MHD theory. In particular, the compressional Alfvén wave is retained in the kinetic approach [10] .
Generally in the kinetic theory, the plasma conductivity operator is non-local both along and across the magnetic field lines. Numerous papers are devoted to the derivation of this operator and the numerical solution of the resulting Maxwell equations (see, e.g. [10] [11] [12] [13] [14] [15] [16] [17] and references therein). From the numerical point of view, the most efficient approach to this problem in tokamaks is Fourier analysis over toroidal and poloidal angles such that the problem is reduced to a set of coupled one-dimensional integro-differential equations for the Fourier amplitudes of the electromagnetic field. By Fourier analysis, the three-dimensional integral dependence of the plasma current on the rf electric field is reduced to a one-dimensional (radial) dependence of the Fourier amplitudes of the current on the Fourier amplitudes of the electric field because the strongest non-locality of the conductivity connected with parallel particle motion is replaced by algebraic relations. The remaining integral nonlocality which is due to finite Larmor radius (FLR) effects can be treated numerically. However, in many cases it is better for practical reasons to reduce this nonlocality from the integral to the differential form by applying a FLR expansion to the conductivity operator. In general, any approximation applied to the particle orbits destroys the conservation properties of the exact conductivity operator, in particular charge conservation. These could be approximations of the unperturbed orbits which normally cause minor problems [13] , or the FLR expansion which is an approximation with respect to the perturbed orbits. A consequence of violated charge conservation is that the response current is not invariant with respect to coordinate transformations to a moving frame of reference. This is of particular importance in the low frequency range. In the present paper, a specific expansion is introduced where this invariance is still preserved for the resonant part of the current. Another property which is enforced to hold for the expansion is the positive definiteness of the total absorbed power in the case of a homogeneous Maxwellian distribution of plasma particles (as, e.g. in [18] ).
Generally, the plasma conductivity operator in the kinetic description is a rather complicated object, especially for the case where plasma and magnetic field are inhomogeneous. If a FLR expansion is applied to this operator, the resulting expressions consist of a large number of terms of similar structure which have to be carefully programmed for the actual numerical modelling. In order to reduce this large number of terms to a reasonable amount, besides the principal expansion where the parameter is the ratio of the Larmor radius to the perpendicular scale of the perturbation field, often additional simplifications are made ignoring terms which are small in a particular application but are not formally small in the principal expansion parameter [14] . In the case of a specific FLR expansion with certain properties enforced, the neglect of these can destroy the enforced properties once again. Therefore, in order to avoid the necessity of additional simplifications, in the present paper an approach is used where FORTRAN subroutines for the conductivity operator are directly generated by the symbolic processor package MAPLE [19] using just the general definitions of all quantities comprising the conductivity operator. The Hamiltonian formalism [12, [20] [21] [22] [23] is convenient in such a procedure because each step in the derivation of both the unperturbed particle orbits and the conductivity tensor can be formalized in a straightforward way.
In the present study, the above-mentioned procedure is described in section 2 and is carried out using the lowest order expansion scheme for the geometry of an inhomogeneous periodic plasma cylinder with rotational transform. In section 3, the resulting conductivity operator is applied to the calculation of the electromagnetic field distribution, the absorbed power and the torque in the DED experiment of TEXTOR. The results are summarized in section 4.
The model
In order not to overload the notation, the subscript denoting particle species is omitted in the following in all quantities which are relevant to the species (current densities, distribution functions, etc). One can adopt such a simplified notation because both, the electrons and the ions are treated in the same manner. In particular, the order of the FLR expansion introduced in section 2.3 is the same for electrons and ions.
Kinetic equation in Hamiltonian form
For the derivation of the perturbed current density and the calculation of the quasilinear force acting on the plasma, the kinetic equation is considered in the following Hamiltonian form:
where f is the distribution function, H is the Hamiltonian,L C is the Coulomb collision integral and
are Poisson brackets. In the following, the invariance of these brackets with respect to canonical phase space coordinate transformations is used. In (2) the explicit expression for the Poisson brackets is also given in canonical action-angle variables θ α and J α , which are indexed in the following with Greek letters. The convolutions over these indices are also written as scalar products of vectors denoted as θ = (θ 1 , θ 2 , θ 3 ) and J = (J 1 , J 2 , J 3 ). A similar vector notation for the complete set of curvilinear variables x = (x 1 , x 2 , x 3 ) with contra-variant metric tensor g ij and metric determinant denoted as g is used below.
Writing the vector potential A and the scalar potential as a sum of an unperturbed part (indexed with 0) and a perturbed part A = A 0 + A 1 , = 0 and using the radiation gauge 1 = 0 for the perturbation field, the Hamiltonian is expanded in the usual way,
where m 0 , e and c are the particle mass, the charge and the speed of light, respectively, and
Using the following complex form for the perturbed quantities with harmonic time dependence,
the linear perturbation of the Hamiltonian becomes
whereẼ k = iωÃ k /c are the covariant components of the electric field perturbation. The last expression in (6) contains 'canonical' covariant components of the electric field,
where x k = x k c (θ, J) are curvilinear coordinates expressed through canonical angles and actions which are convenient in systems with axial symmetry [20, 21] 
In the following, the collision integral in (1) is assumed in Krook form,
where ν = const. Here, f 0 is some 'equilibrium' distribution function which is independent of the perturbation field. Due to its simplicity, this collision operator does not satisfy the conservation laws; in particular, it does not conserve particles. Therefore, the 'collisional' results should be viewed with caution just to show the qualitative effect of finite resistivity.
Linearized plasma conductivity
Applying the perturbation theory, f = f 0 + f 1 + · · ·, where
, the linearized kinetic equation for f 1 is written in terms of its Fourier amplitude,f , defined analogously as in (5),
where the last term comes from the expansion of the 'equilibrium' distribution function in (9) with respect to A 1 . The linear contra-variant current density is
Here, the adiabatic contribution of f 0 to the current [22] which is due to the fact that the quantity v 0 differs from the actual particle velocity,ṙ = v 0 −eA 1 /(m 0 c), is absorbed into a 'total' perturbation of the distribution function,
such thatf t is the perturbation of the distribution function in the usual variables. Using the explicit action-angle form of equation (10),
and a Fourier analysis over the angles,
etc, the solution is
where H m and (E α ) m are the Fourier amplitudes ofH and E α , respectively. The 'total' perturbation is expressed through the 'angular' components of the Lorentz force
where
The last equality follows from
and the transformation of the velocity (8) . Equation (16) naturally follows from the derivation in non-Hamiltonian variables where canonical action-angle variables for the unperturbed background field are used as new phase space variables [23] .
Larmor radius expansion
In the following, a simplified problem geometry is considered: the unperturbed magnetic field and the electrostatic potential are assumed to be axially symmetric with respect to the Z-axis of the cylindrical coordinates x = (r, ϑ, z) with √ g = r. Thus, in the case of a tokamak, toroidicity is ignored and only the Larmor gyration effect can couple the electric field to the current nonlocally in the radial variable. In order to approximate this integral dependence of the current on the electric field by a differential operator, a Larmor radius expansion is introduced. The angles in this case are θ = (φ, ϑ g , z g ) being the gyrophase, azimuth and z-coordinate of the guiding centre, respectively. The actions
, and the covariant components of the generalized momentum, p k = (m 0ṙ + eA/c) k over ϑ and z variables. Components of the Larmor radius vector and guiding centre coordinates are introduced as follows:
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where the guiding centre coordinates,
), are independent of the gyrophase. Functions of the gyrophase which have to be expanded are the angular components of electric field, E α , which enter (16) 
. (21) Products of functions of coordinates with the transformation matrix ∂x k c /∂θ α are expanded up to the Nth order in ρ j . They are denoted with superscript (N) as follows:
Formally these are the expansions of E α and of the product of δ-function with the transformation matrix to the N th order in the Larmor radius. An important feature of the present expansion scheme is that it preserves gradients, i.
Thus, the current density (11) is approximated as
are the cyclotron harmonic number, poloidal wavenumber and z component of the wave vector. Expansion (25) ensures the positive definiteness of the total power absorption for the case of a Boltzmann distribution of the background particles,
Indeed, using the identity
the power absorbed in the whole volume by a specific sort of particles is
where L is the cylinder period and
For a single spatial harmonic,Ẽ i ,j i ∝ exp(ik · x), where k ≡ (0, m ϑ , k z ), the current density (25) can be written through a differential conductivity operator as follows:
and where the second sum is zero if N − n < 1. Here k · ρ = m ϑ ρ ϑ + k z ρ z and, for convenience, new integration variables r 0 and u have been introduced through
where h = B 0 /B 0 and B 0 = ∇ × A 0 . In the lowest order over thermal motion, the unperturbed orbits (19) are described by r g = r 0 and
1/2 and all functions of coordinates are taken at r = r 0 . In the following, the unperturbed distribution function is used in the form of an inhomogeneous drifting Maxwellian,
where parameters n 0p , T 0p and V 0p for each species are computed from given radial profiles of the unperturbed density, n 0 , temperature, T = T e,i and parallel fluid velocity, V = V e,i , of the respective species so that the quasi-neutrality condition is satisfied in the first order over the Larmor radius (in the general case, parameters n 0p differ from actual particle densities within this order). Profiles of parallel fluid velocities V e,i (r) for electrons and ions and of the electrostatic potential, 0 (r), are calculated from the the prescribed profiles of the toroidal and poloidal plasma rotation velocities and from the profile of the parallel equilibrium current density which follows from the prescribed safety factor profile, q(r), and the profile of the unperturbed magnetic field module, B 0 (r). Profile of B 0 (r) for a fixed q(r) is computed from the equilibrium equation taking into account the diamagnetic current consistent with given n 0 , T e and T i profiles. Therefore, in the general case, both V e and V i as well as 0 are not zero.
Expressions (30) for the current densities of electrons and ions are used in Maxwell's equations for the perturbed electromagnetic field, 
Galilean invariance
The Larmor radius expansion violates the invariance of the current density with respect to a coordinate transformation to a moving frame,j =j − Veñ,
whereñ is the density perturbation. Since this invariance is also violated by the simple collision operator (9) , only the collisionless case is considered below. Here, non-relativistic Galilean transformations are of interest where the velocity, V, of the moving frame is small, V c, and is in the symmetry direction of the unperturbed field. In this case, the unperturbed fields and the perturbation fields in the moving frame are
To be definite, let the velocity of the moving frame be in the z-direction. In this case, only the angle, θ 3 = z g , the respective action, J 3 = p z , and the frequency, 3 = z , are modified in the moving frame,
(40) The transformation of quantities (7) follows from (39),
where (16) are invariant. The invariance of f t follows from the invariance of the unperturbed distribution function, f 0 , and its derivatives and from the invariance of the resonant denominator. It can be checked that relation (41) also holds for the expansions (22) . Therefore, the invariance of the distribution functionf t is not violated by the Larmor radius expansion. As a result, also taking into account the invariance of quantities (23), the components of the current perpendicular to the velocity of the moving frame,j r (N) andj ϑ (N) , are also invariant (see (25) ). In order to check the transformation of the componentj z (N) , the charge density eñ (N) has to be calculated from the continuity equation,
Due to the expansion there exists a difference between the transformed current and the current computed in the moving frame, δj
It can be seen that this discrepancy is due to the violation of Liouville's theorem. Indeed, in the limit N → ∞ using (17) and integrating with the δ-function one has
The terms which violate Liouville's theorem are of the formal order N + 1 (see comment after (23)). It can be seen that these terms are 'local', i.e. resonant denominators are absent in (44). In order to improve the Galilean invariance, a non-resonant correction current j k (N) which is of the order of the error term can be added to (25) . In the case of N = 1 this correction current is
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where j k 0 = en 0 V k 0 is the equilibrium current of a single sort of ions which consists of a parallel current, a perpendicular diamagnetic current and E 0 × B 0 drift current, and
Power absorption and momentum transfer
Considering a perturbation with fixed wavenumbers k = (0, m ϑ , k z ), the work of the electric field on the plasma current in some moving frame with constant velocity V = (0, V ϑ , V z ) can be expressed with the help of (37) and (39) through such a work in the laboratory frame as follows:
where ω = ω − k j V j is the wave frequency in the moving frame. Integrating (48) over the volume one obtains the relation between the total absorbed power in different frames,
This power is spent for the change of internal energy (heat source Q) which is independent of the frame of reference and for some mechanical work:
where F k is a force density. Since V k 0 = V k 0 − V k , taking the difference between total absorbed power values in different frames one has
where F tot k is the covariant component of the total force acting on the plasma (F tot ϑ corresponds to a poloidal torque). Using (49) one has
The same expression also follows from the computation of reaction forces on the perturbation coil [1] . As follows from the derivation, the relation (51) is valid for any dispersive medium whose response current is linear in the perturbation field. In particular, it should be valid for both kinetic as well as MHD models of the rf plasma conductivity.
Results of modelling
For the modelling, the plasma conductivity in the lowest order Larmor radius expansion, N = 1, is used. An orthonormalization method is applied for the numerical solution of the stiff set of first order ordinary differential equations resulting from Maxwell equations. Two cases are considered: the collisionless case with ν = 0 and the figure 1 . The location of the rational surface, q = 3, corresponding to the main resonant harmonic of the perturbation field is at r = r res = 43.7 cm. The DED coils are modelled with a thin divergence free current located at r = r a = 53 cm. Only the main harmonic of this current, m = 12, n = 4, which is resonant at the q = 3 surface is considered. Two cases are considered below: the case without pressure gradients (with constant plasma density and temperatures) and the case with pressure gradients with parabolic plasma parameter profiles,
where n c = 1.05 × 10 13 cm −3 , T c = 1.05 keV and a = 61.5 cm. The radial electric field in the laboratory frame has been put to zero, 0 = const.
The results for the absorbed power and poloidal torque in the case for constant plasma density and temperatures are presented in figures 2 and 3, respectively. In this case, the direction of the torque coincides with the direction of rotation of the perturbation field. Collisionless and collisional models agree by order of magnitude. The maximum value of the torque (achieved for perturbation frequencies around 1 kHz) agrees with the prediction of the simple resistive model [1] such that for frequencies less or of the order of 100 Hz the radial component of the magnetic field fully penetrates (see figure 5 where the module of this component |B r (r c )| is shown as a function of the perturbation frequency). At such low frequencies theB r profile for both the collisionless and the collisional models is very close to the result of ideal MHD [24] for the case of a continuous logarithmic derivative, = 0, (see figures 6 and 7 where the largest component, i.e. the imaginary part ofB r (r) excited directly by the coil, is shown). The ideal MHD solution corresponding to = 0 has been obtained by removing the singularity in equation (1) of [24] by adding a tiny imaginary part to the resonant denominator F .
The situation changes in the case of an inhomogeneous plasma pressure. For perturbation frequencies in the range 0 < ω ω e * where ω e * > 0 is the electron diamagnetic S165 frequency defined as
with k ⊥ = (h z m ϑ − h θ k z )/r, the energy absorption changes to generation (see figure 8 ). In the simplest collisionless case, such a behaviour follows from the expression for the total absorbed power,
where equation (34) has been used for f 0 ignoring the small differences between parameters of f 0 and respective moments, T 0p ≈ T , V 0p ≈ V , etc, and the integration variables have been changed to r 0 and u using (32) in the leading order over the Larmor radius. Thus, besides from ω, the sign of P tot is determined by square brackets where the main contribution to the integral comes from ω being the perturbation frequency in the frame of reference where the given sort of ions is at rest,
Here
is the E × B rotation frequency, which is zero for the specific parameters used in the present computations. In the presence of a temperature gradient, the second term in square brackets in (54) is of the same order as ω * (the parallel fluid velocity V and its derivative are negligible in (54) and (55)). Its contribution is determined mainly by the dependence of H m on r 0 and u . For the Cerenkov resonance, m φ = 0, which is the only one of relevance here, the main contribution to H m for the electrons which dominate the absorption is from the parallel electric field,
For the parameters of the present computation, the additional contribution of the temperature gradient shifts the frequency ω r of the absorption reversal from the electron diamagnetic frequency, ω * e , by an amount of 15%. The mechanism of power generation (dynamo action) is the same as in collisionless gradient driven instabilities. Indeed, resonant Landau interaction tends to flatten the distribution function in the resonance zone in phase space, m·Ω = ω, along the rf diffusion lines. This leads to a modified distribution function with different energy contents. If the distribution function decreases in the direction of increased energy along the diffusion lines, the modified distribution function will have higher energy contents which means power absorption. In the opposite case, power is generated.
The lines of diffusion can be obtained from the equations of motion for the particles in the perturbation field,
Combining these relations one obtains for the equation of the diffusion lines and the expression for the change of the distribution function along these lines
The last expression for the change of the distribution function can be explicitly recognized in (54). In the case of gradients, the decay of the distribution function with energy along the diffusion lines in velocity space can be overtaken by an increase of the distribution function with the radius along the diffusion lines in coordinate space, which leads to power generation.
One should notice that in (54) H m can be used both in its exact (6) or in its Larmor radius expanded form (29). In the latter case, which is realized in the numerical model, the power (54) (which is calculated from the work of the perturbation electric field on the plasma current, see section 2.5) agrees with good accuracy with the power calculated from the work of the electric field on the antenna currents. All conclusions of the present paper remain valid for both cases since the Hamiltonian form of the resonant plasma response current is not violated by the specific FLR expansion of the present paper. In particular, the observed reversal of power absorption is not a result of the finite Larmor radius expansion.
As a consequence of the reversal of the power absorption, the torque changes sign if ω passes ω r rather than zero (see figure 9 ). This follows from a general property of a linear dispersive medium; see (51) section 2.5. In the case when power is generated, 0 < ω < ω r , the average force of DED tries to slow down the electron fluid rotation. In this case the mechanical work of perturbation field is negative. Note that in the case with pressure gradients, the torque remains finite also for a static field, ω = 0, due to (51) and the fact that P tot ∝ ω near this point. For ω ω r ≈ ω * e the direction of the torque is in the direction of the ion diamagnetic drift, so that it tends to bring the electron fluid to be approximately in rest with respect to the rotating field. This feature is in agreement with the long mean-free path drift MHD theory [25] which predicts a resonant behaviour and change of the sign of the torque at ω = ω * e . As in the case without gradients, the phase of the perturbation (figure 10) changes sign together with the torque, i.e. around the electron diamagnetic frequency where the perturbation field penetration is maximal (see figure 11 ). This feature is, again, in a qualitative agreement with the drift MHD theory [26, 25] . The values of the phase at high frequencies are close to ±π/2 as in the numerical computation of [25] .
As one can see from figure 12 , the scale of the electric field is of the same order as the ion Larmor radius. Therefore, strictly speaking one should solve the complete integro-differential problem with the plasma conductivity calculated within the kinetic theory. The intention of this paper is to introduce such a specific expansion which will preserve the conservation properties of the integral conductivity operator in such a way that qualitatively the results would be valid even for those cases. In particular, since the expansion parameter is of order one, the term which enforces Galilean invariance plays a significant role; see figure 13 . In this figure, plots of the absorbed power as a function of the DED frequency are shown for 4 different cases: calculated in the laboratory and moving frames with the correction term (46) (main case) and calculated in these two frames without the correction term. In the laboratory frame both the parallel ion fluid velocity and the radial electric field is zero. The velocity, V z , of the frame moving along the z axis is chosen such that for every ω the wave frequency in the moving frame, ω = ω − k z V z , has the value ω /2π = 5 kHz. In this frame, parallel ion fluid velocity and equilibrium radial electric field are given by V i = −V z h z and −d 0 /dr = −V zB0ϑ /c, respectively, where the hat denotes a physical component. Figure 13 shows that if the correction S167 term is taken into account, only for frequencies f ≈ 20 kHz small differences in the results computed in the laboratory and the moving frame can be seen. Without taking into account the correction term the result computed in the moving frame is also not very different from the results taking into account the correction term. However, the result without the correction term computed in the laboratory frame strongly differs for negative frequencies. Note that the part of the curve which corresponds to power generation (P tot < 0) is reproduced in all cases.
It can be seen from figures 3 and 9 that the account of collisions does not influence the property of the torque to change its sign near the electron diamagnetic frequency rather than zero frequency. Therefore, this feature is common for both the m = 3, n = 1 DED mode where the field can penetrate deep into the core plasma with low collisionality and the m = 12, n = 4 DED mode where the resonant surface has to be placed at the plasma edge with high collisionality.
Summary
The interaction of a small amplitude RMF with a cylindrical plasma has been modelled in the kinetic approximation. For this purpose, a set of finite Larmor radius expansions has been introduced for the rf plasma conductivity operator derived within the Hamiltonian formalism. These expansions ensure positive definiteness of the total absorbed energy in the plasma volume in the case of a homogeneous Maxwellian distribution of plasma particles. In addition, the resonant part of the plasma response current is invariant with respect to a Galilean coordinate transformation to a moving frame. Since the resulting expressions for the conductivity operator are rather cumbersome, an approach has been developed where FORTRAN subroutines for the operator are directly generated by the symbolic processor package MAPLE. So far, this approach has been realized in the lowest order FLR expansion for a tokamak model in the form of an inhomogeneous straight plasma cylinder with a rotational transform. Typical magnetic fields, plasma and external coil parameters relevant to the TEXTOR DED m = 12, n = 4 configuration, have been used for the modelling.
The modelling of plasmas with constant density and temperature (no pressure gradients) showed that the direction and the value of the DED generated torque acting on the plasma as well as the frequency range for the maximum torque (around 1 kHz) is in agreement with the results of simple resistive models published earlier [1] .
In the case where pressure gradients are present, the direction of the torque is shown to be in the direction of the diamagnetic current independent of the direction of the DED field rotation as long as the DED frequency does not exceed a certain value, ω, which is of the order of the electron diamagnetic frequency. In particular, the torque does not vanish for static perturbations (ω = 0). Thus, the tendency of the perturbation field is to bring the electron fluid approximately to rest in the frame of this field. This is in a qualitative agreement with the long mean free path drift MHD theory [25] . In contrast to that theory where a resonant behaviour of the torque is found at electron and ion diamagnetic frequencies, in the present kinetic analysis the frequency where the torque passes through zero is noticeably smaller than the electron diamagnetic frequency if there is an electron temperature gradient present.
The fact that in the presence of a pressure gradient the torque remains finite even for a static perturbation field means that some spin-up of the plasma in the ion diamagnetic direction should occur if this field is switched on. Such a spinup has actually been observed in TEXTOR experiments in the static mode of DED operation and has been attributed to the change of the radial electrostatic potential to positive values due to the magnetic field ergodization and resulting increase in the electron transport at the edge.
As follows from (51), the force in the toroidal direction, F tot z , in the case where the perturbation field is represented by a single spatial harmonic, is expressed through the poloidal torque, F tot ϑ , as F tot z = k z F tot ϑ /m ϑ . As follows from figure 9, for the frequencies in the range, ω < ω r , the toroidal force is in the direction of the plasma current independent of the frequency sign (rotation direction). This is in agreement with measurements of the toroidal rotation [8, 9] since for the m = 3, n = 1 DED mode studied in [8] , the diamagnetic frequencies are still high enough compared with the DED frequency of 1 kHz (for this mode and plasma parameters used in the present computations f e * ≈ 2.5 kHz).
Due to a simple relation of the torque to the total power coupled from the external coils to the plasma (51) the information about the torque is contained in the active part of the coil impedance. For example, in the case 0 < ω < ω r where the directions of the torque and the field rotation are opposite, the energy flow is from the plasma towards the coils.
Within the present model no reaction of the torque is observed if the perturbation frequency gets near to the ion diamagnetic frequency. A possible reason for this is that within the lowest order expansion used in the present model the resonant harmonic of the Hamiltonian is defined solely by the parallel electric field which is felt mainly by the electrons. Expansions to higher orders will be studied in future work. Besides the second order expansion which would be of main interest, the 'automatic' code generation procedure developed for this study also makes expansions in higher order feasible. This can be useful to verify the accuracy of 'traditional', second order expansions.
